The purpose of this study was to examine the relationship between delivery volume and maternal complications. STUDY DESIGN: We used administrative data to identify women who had been admitted for childbirth in 2006. Hospitals were stratified into deciles that were based on delivery volume. We compared composite complication rates across deciles. RESULTS: We evaluated 1,683,754 childbirths in 1045 hospitals. Decile 1 and 2 hospitals had significantly higher rates of composite complications than decile 10 (11.8% and 10.1% vs 8.5%, respectively; P Ͻ .0001). Decile 9 and 10 hospitals had modestly higher composite complications as compared with decile 6 (8.8% and 8.5% vs 7.6%, respectively; P Ͻ .0001). Sixty percent of decile 1 and 2 hospitals were located within 25 miles of the nearest greater volume hospital. CONCLUSION: Women who deliver at very low-volume hospitals have higher complicationrates,asdowomenwhodeliveratexceedinglyhigh-volumehospitals. Most women who deliver in extremely low-volume hospitals have a higher volume hospital located within 25 miles.
M ore than 4 million women give birth annually in the United States, 1 which makes childbirth the single most common reason for hospitalization among young women. Childbirth in the United States generally is safe with a major complication rate (eg, hemorrhage or infection) of Ͻ10%. [2] [3] [4] At the same time, there is growing appreciation that the variation in hospital outcomes that have been observed in many medical and surgical diagnoses may also exist for childbirth.
More than 2 decades of research has documented a relationship between higher hospital volume and improved clinical outcomes for medical and surgical diagnoses, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] but data in the area of maternal childbirth outcomes are sorely lacking. The paucity of empiric studies of the volume-outcome relationship for maternal complications is striking, given the clinical volume and economic impact of childbirth in the United States. In addition, methodologic limitations of the few published studies that have related to a volumeoutcome relationship for the maternal outcomes of childbirth make interpretation of the conflicting findings difficult. [15] [16] [17] [18] [19] Our objective was to examine rigorously the relationship between hospital volume and maternal childbirth outcomes. Specifically, we set out to examine the association between hospital childbirth volume and important maternal complications (eg, hemorrhage, infection, death) and whether the volumeoutcome relationship might differ for vaginal and cesarean deliveries.
MATERIALS AND METHODS
We used a 100% sample of State Inpatient Data (SID) for year 2006 from 11 states (Arizona, California, Florida, Iowa, Massachusetts, Maryland, North Carolina, New York, New Jersey, Washington, and Wisconsin) to identify all patients who were hospitalized with childbirth (International Classification of Diseases, 9th Clinical Modification [ICD-9-CM] code 650 or 640x to 676.9x [n ϭ 1, 683, 754] ). Maternal childbirth admissions were stratified into cesarean deliveries (ICD-9 procedure code 74) or normal spontaneous vaginal deliveries (ICD-9 diagnosis codes 640.x to 676.9x and the absence of a code for cesarean delivery).
We excluded patients who delivered after transfer from another acute care hospital because transfer patients are more complex than patients who are admitted through other routes and because administrative data do not adequately capture this excess complexity that leads to potentially biased results. 20 All other cases of childbirth (spontaneous vaginal deliveries, cesarean deliveries, forceps, and vacuum) were included in the analysis of "all deliveries" (Figure 1 ). Our analysis of spontaneous vaginal deliver-ies excluded instrument deliveries with forceps or vacuums because the use of such devices suggests a more complicated delivery and may introduce unwanted heterogeneity. Application of these criteria left us with a cohort of what we would describe as routine childbirth admissions without obvious evidence of complicating factors.
The SID databases that were used in this study were developed by the Agency for Healthcare Research and Quality as part of the health care utilization project in partnership with individual states (http://hcupnet.ahrq.gov/). We deliberately acquired SID data from the 11 states that were included in this study because they represented all regions of the United States, because they included a disproportionate percentage of the US population, and because they covered a mix of urban and rural regions. SID data include many elements that are included on the Uniform Billing claim form (UB-92) hospital discharge abstract and have been used extensively in previous health services research, including previous obstetrics studies. [21] [22] [23] Key data elements include patient demographics, admitting hospital, primary and secondary diagnoses and procedures (as captured by ICD-9-CM codes), the diagnosis related group, admission source (eg, emergency department, transfer from another hospital), admission and discharge dates, patient's primary insurance (categorized as Medicare, private insurance, Medicaid, self-pay, other), type of insurance (fee-for-service or health maintenance organization), and disposition at the time of hospital discharge (eg, transfer to another acute care hospital, deceased).
We calculated 3 separate measures of childbirth volume for each hospital by summing the total number of deliveries that were performed during 2006: (1) total childbirth volume, (2) spontaneous vaginal delivery volume, and (3) cesarean delivery volume. Hospitals were then stratified into deciles of volume for each of the 3 delivery categories; thus, a hospital could be in the highest (tenth) decile of volume for total childbirth but the eighth decile for vaginal deliveries.
We identified 6 key adverse outcomes of childbirth that have been evaluated in previous studies using administrative data that included hemorrhage, severe perineal lacerations (3rd-or 4th-degree lacerations), operative complications, infection, thrombotic complications, and death. 2, 3, 24 Outcomes of interest for vaginal deliveries included all of the outcomes described, with the exception of operative complications that are not relevant to vaginal delivery. Outcomes of interest for cesarean deliveries included all outcomes, except for severe perineal lacerations that are not relevant to cesarean deliveries. From an analytic standpoint, our primary outcome was a composite measure that represented the occurrence of Ն1 adverse outcomes in a given patient. We identified comorbid illnesses using the method developed by Elixhauser et al 25 and supplemented this by high-risk obstetrical conditions that have been identified previously. 26 
Statistical analysis
We used bivariate methods that included the t-test and Cochran-Mantel-Haenszel statistics to compare the demographic characteristics (eg, age, race) of patients across hospital volume deciles. We used similar methods to compare insurance Patients included in this study Total population n = 1, 683, 754 Excluded (transfers) n = 4945
All deliveries n = 1,678,809 Excluded (forceps and vacuum assisted deliveries) n = 94,188
coverage and the incidence of comorbid illnesses across deciles of hospital volume. All analyses were conducted separately for spontaneous vaginal deliveries, cesarean section deliveries, and all deliveries in aggregate. We used similar methods to compare the unadjusted incidence of in-hospital maternal complications across hospital volume deciles. Finally, we used a series of logistic regression models to evaluate the association between rates of childbirth complications and hospital obstetrics volume after adjustment for differences in patient demographics and comorbidity. We used the patient as the unit of analysis; volume was measured at the hospital level. The standard errors, 95% confidence intervals, and associated significance levels for adjusted odds ratios based on logistic regression accounted for clustering with the use of hospital random-effect models. For purposes of these analyses, the outcome (dependent variable) was an indicator variable that represented the occurrence of the composite outcome. The dependent variables of interest were a series of indicator variables that represented the decile of hospital volume, with hospitals in the highest volume decile serving as the reference category. The models included 19 covariates that included patient age, race, payor, and a number of important comorbid illness. Separate analyses were performed for (1) all childbirths in aggregate, (2) spontaneous vaginal deliveries only, and (3) cesarean deliveries only. We applied 3 separate models to each patient cohort: (1) unadjusted, (2) adjustment for patient demographics alone, and (3) adjustment for patient demographics plus comorbidities.
Because we hypothesized that more complex cases would be referred selectively to higher volume hospitals, we conducted a number of sensitivity analyses. Specifically, we stratified both vaginal deliveries and cesarean deliveries into high-risk and low-risk cohorts. High-risk patients were defined as those with any of the following conditions that typically are considered a cause for concern among obstetricians: advanced age, asthma, cerebral hemorrhage, hypertensive disorders, diabetes mellitus, obesity, chorioamnionitis, congenital heart disease, liver anomalies, renal anomalies, thyroid disease, mental disorder, multiple gestation, preterm gestation, pulmonary embolism, and uterine rupture. The low-risk cohort included patients without any of these conditions. We also replicated our analyses to examine alternative methods for categorizing hospital volume (eg, quintiles, quartiles) and defining high-and low-volume hospitals.
All statistical analyses were performed with SAS software (version 9.2; SAS Institute Inc., Cary, NC). The study was approved by the Institutional Review Board of the University of Iowa.
RESULTS
We identified a total of 1,683,754 childbirths. After excluding transfer cases (n ϭ 4945), our final cohort of spontaneous vaginal deliveries, forceps deliveries, vacuum extractions, and cesarean deliveries included 1,678,809 admissions to 1045 hospitals. After the exclusion of forceps and vacuum-assisted deliveries (n ϭ 94,188), there were a total of 1,047,848 spontaneous vaginal deliveries in 1011 hospitals (34 hospitals delivered only by cesarean section) and 536,773 cesarean deliveries in 1030 hospitals (15 hospitals delivered only by vaginal route). For hospitals that performed both vaginal and cesarean deliveries, the cesarean delivery rate ranged from 13.0 -96.7% across 1030 hospitals (mean, 31.3%; median, 30.3%). The mean hospital childbirth volume was 1606.5 (interquartile range, 442.0 -2299.0); the mean vaginal delivery volume was 1036.4 (interquartile range, 308.0 -1472.0), and the mean cesarean delivery volume was 521. 1 (interquartile range, 135-754) .
The characteristics of patients with spontaneous vaginal delivery that were stratified by hospital volume deciles are displayed in Table 1 . Women who delivered in lower volume hospitals tended to younger, were more likely to be white, and were more likely to be categorized as self-pay when compared with women who delivered at higher volume hospitals. Women who underwent vaginal delivery in lower volume hospitals tended to have fewer comorbid conditions such as advanced maternal age, hypertension, and diabetes mellitus (Table 1) . Conversely, women who had vaginal deliveries in highvolume hospitals were more likely to be older and Hispanic or black and to have more comorbid illness. Results were similar for cesarean deliveries (Table 2) , with low-volume hospitals treating a higher proportion of uninsured younger white women, although high-volume hospitals treated more women with advanced age and comorbid illness.
In analyses of unadjusted outcomes (Table 3 ; Figure 2 ), we found higher rates of the composite adverse outcome and most of the individual adverse outcomes in the lowest volume hospitals (deciles 1 and 2), when compared with all other hospitals within all deliveries, vaginal deliveries, or cesarean deliveries. For example, with at all deliveries in aggregate, the incidence of the composite outcome in decile 1 was 11.8% and in decile 2 was 10.1%; the incidence ranged from 7.6-8.8% for the other 8 deciles in aggregate (P Ͻ .0001). Looking at spontaneous vaginal deliveries and cesarean deliveries in isolation, we saw similar results with higher unadjusted rates of both the composite and most individual adverse outcomes in decile 1 and 2 hospitals. We also observed a modest increase in unadjusted complication rates in the highest volume hospitals (deciles 8-10) when compared with intermediate volume hospitals (deciles 5-7). This effect was particularly apparent in cesarean deliveries (Table 3 ). To ensure the robustness of our findings, we repeated our analyses examining the relationship between volume and outcome while stratifying hospitals on the basis of total delivery volume rather than vaginal or cesarean delivery volume; thus, in these analyses, we explored the relationship between vaginal delivery outcomes and volume after stratifying hospitals by their total delivery volume and did analogous analyses for cesarean deliveries. We found that the volume-outcome relationship was similar, irrespective of the measure of volume that was used. We also calculated the proportion of cesarean deliveries according to hospital decile to cesarean delivery volume (Table 3 ) and found no difference in the proportion of deliv- eries that were cesarean sections across volume deciles.
In analyses that adjusted for patient demographics and comorbidities (Table  4 ), we again found higher risk of adverse outcomes in lowest volume hospitals (decile 1 and 2). Specifically, odds of experiencing the composite outcome were between 43% and 60% higher for decile 1 hospitals (with decile 10 serving as the reference category) even after adjustment for patient demographics and comorbidity (P Ͻ .05). Alternatively, the odds of adverse outcomes appeared modestly lower for intermediate volume hospitals (decile 5 and 6), with the effect particularly notable for cesarean deliveries.
To ensure the robustness of our findings, we conducted additional supplemental analyses. First, we repeated our unadjusted and adjusted analyses examining outcomes across deciles of hospital volume after stratifying patients into high-and low-risk subgroups. Unadjusted analyses produced similar results to our main analyses, with higher complication rates in the lowest volume hospitals for both the high-and low-risk patient strata, irrespective of delivery route (Appendix; Supplementary Tables 1-3 ).
Adjusted results in the high-and lowrisk subgroups were also similar to the main analyses, with higher odds of experiencing the composite outcomes in the lowest volume hospitals (Appendix; Supplementary Tables 4-6 ). Additional results were significant for high-risk patients who had higher odds of adverse outcomes compared with low-risk subgroups in the lowest volume hospitals (P Ͻ .05). Interestingly, in our supplementary analyses high-volume hospitals again appeared to have marginally higher rates of adverse outcomes in both the high-and low-risk strata. We also conducted additional analyses using alternative methods for the stratification of hospitals according to volume (eg, quartiles, quintiles), and the results were again similar.
COMMENT
In an analysis of Ͼ1.6 million maternal hospitalizations for childbirth, we identified a number of important findings. First, we found markedly higher rates of maternal complications for deliveries in low-volume hospitals. Second, we found modestly higher rates of complications for deliveries at exceedingly high-vol-ume hospital, which is a finding that, if not related to unmeasured difference in comorbidity, would give one pause. Third, we found marked variation in cesarean delivery rates across hospitals.
The finding of higher rates of adverse outcomes at low-volume hospitals has been well-documented in medical and surgical literature 5-14 but has not been well-studied in obstetrics. Previous studies that evaluated the volume-outcome relationship in obstetrics have been limited to studies from single state populations, to data that are now Ͼ1 decade old, and to conflicting results about the volume-outcome relationship. [15] [16] [17] [18] [19] In addition, many previous obstetrics volume-outcome studies focused exclusively on neonatal outcomes without investigating maternal complications. [27] [28] [29] [30] [31] [32] [33] Our study provides important new evidence of higher maternal complication rates at very low-volume hospitals.
The finding of higher obstetrics complication rates in low-volume hospitals is not necessarily unexpected. The mean overall childbirth volume for decile 1 hospitals was 31.6 per year and for decile 2 hospitals 204.8 per year. Moreover, the mean cesarean section volumes for decile 1 and 2 hospitals were 13.2 and 64.1, respectively. With such low volumes, it seems logical that complication rates would be high, especially given the importance of both experience and teamwork in the health care setting. Several hospitals in our study had only 1 or 2 admissions for childbirth during 2006, which suggests that such deliveries represented emergent cases that were treated at hospitals without an experienced physician or obstetrics team.
Alternatively, it is interesting to think about how the health care system might be changed in a way that might reduce the need for mothers to give birth at extremely low-volume hospitals. In supplementary analyses, we explored the role of distance in women giving birth at decile 1 and 2 hospitals. Notably, we found 60% of decile 1 and 2 hospitals were located within 25 miles of a higher obstetrics volume hospital (decile Ն4; mean distance, 25.9 miles). Practically speaking, our results would suggest that a certain percentage of deliveries at very low-volume hospitals reasonably might be transitioned to higher volume hospitals with little inconvenience to patients or their families. It is also important to consider our findings in the context of existing guidelines that are related to childbirth. The American Congress of Obstetrics and Gynecology readily recommends that women who are likely to deliver preterm be transferred to tertiary centers, 34 yet there is no equivalent guideline for establishing minimum hospital delivery volume and tiered maternal referrals based on patient safety.
Second, it is interesting that we consistently found modestly higher rates of complications for deliveries at exceedingly high-volume hospitals. There are several potential explanations for our findings. It is possible, and indeed highly likely, that the higher rates of adverse outcomes in the highest volume hospitals represent the higher risk of the population that our highest volume hospitals serve. Patients who are referred to high-volume hospitals for childbirth have a greater likelihood of having medical conditions with an increased severity of illness that is poorly represented in claims data. 20 The finding that the higher rates of adverse outcomes persisted after adjustment for patient demographics and comorbidities may merely reflect unmeasured differences in comorbidity that are not captured well in administrative data. Alternatively, it is possible that extremely high-volume hospitals truly do have higher complication rates for childbirth. Specifically, if our highest volume hospitals were too busy, staffed by trainees without adequate supervision, and under extreme financial pressure, higher complication rates might well be expected. Further study is needed to examine this issue in greater detail.
Third, we found marked variation in mean hospital cesarean delivery rates across hospitals (13.0-96.7%). These results are consistent with several previous studies that found highly variable rates of cesarean deliveries with significant regional variation. [35] [36] [37] The reasons for these differences remain unknown and far exceeded the expected variation that can be explained by differences in patient risk factors alone. These findings suggest that there is insufficient outcomes-based evidence to guide effective clinical decision-making. Future research is needed to further explain the unknown variation in rates of cesarean deliveries, especially given our finding of higher rates of maternal complications after cesarean delivery compared with vaginal delivery.
There are a number of limitations to our study. First, our study relied on administrative data and thus may have been subject to bias if diagnoses or procedures were systematically miscoded more often by 1 group of hospitals. We have, however, no reason to believe that this happened; previous studies have shown that there is reliable coding of obstetrics diagnoses and procedures. 38 Second, our analysis was limited to 11 states, and results must be generalized to other states with care. Third, the structure of the SID data precluded us from tracking maternal complications that may have occurred after discharge; likewise, we lacked the ability to link mothers to their newborn infants and to track complications jointly in both. Fourth, similar to all studies that use large administrative databases, our investigation is restricted to the variables that are considered necessary for claims data. Consequently, certain clinical information is not available for analysis.
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